Background. Shiga toxin (Stx)-producing Escherichia coli (STEC), especially O157:H7, cause bloody diarrhea, and in 3%-15% of individuals the infection leads to hemolytic uremic syndrome (HUS) or other complications. Use of antibiotics to treat STEC infections is controversial. Here, we describe the use of piglets to evaluate the efficacy and mechanism of action of antibiotics in these infections.
In humans, especially children, infection with Shiga toxin (Stx)-producing Escherichia coli (STEC) is strongly associated with the development of hemolytic uremic syndrome (HUS), the leading cause of kidney failure in children [1] [2] [3] [4] and acute encephalopathy [5] [6] [7] . In the United States, the most significant Stxproducing organisms are enterohemorrhagic E. coli (EHEC) of serotype O157 [8 -11] . STEC strains produce 2 subclasses of Stx, Stx1 and Stx2 [12, 13] . Although similar in basic structure, binding specificity, and mode of action, the 2 toxins are immunologically distinct and are regulated in different ways [14] . There is now strong epidemiological evidence showing that HUS development is more closely associated with Stx2-producing strains than with Stx1-producing strains or strains that produce both toxins [15] . This association is further strengthened by studies in gnotobiotic piglets infected with isogenic strains producing Stx2, Stx1, or both: the development of systemic complications as the indicators of HUS was associated with the production of Stx2, and the greatest rate of development was associated with Stx2 production alone [16] .
Currently there are no recommended treatment regimens to lessen the risk of HUS in patients [5, [17] [18] [19] , and the available treatment regimens need to be reevaluated in an animal model. The normal first-line clinical treatment of an enteric infection, the administration of appropriate antibiotics, is highly controversial. Some investigators have concluded that the administration of antibiotics has no effect on the risk of HUS development [20 -22] , and some have even concluded that the risk is lessened after fosfomycin treatment [23] . Two epidemiological studies-a national surveillance study conducted by the Centers for Disease Control and Prevention and a case-control study involved in a network of participating centers in Washington, Idaho, Oregon, and Montana-found that antibiotic therapy for STEC enteritis significantly increased the risk of HUS [24, 25] . A recent review indicated that the rate of HUS development after O157:H7 infection may increase from 15% to 50% after antibiotic use [19] . The effects of antibiotics on Stx1 and Stx2 production and/or release may explain a possible antibiotic-related increase in HUS development. The genes for the toxins are usually carried on lysogenic phages. Adverse conditions often cause the induction of these temperate phages, and, as the phage replicates within the bacterium, large quantities of toxin are produced. It has been shown in vitro that treatment with certain antibiotics causes phage induction and subsequent increases in toxin levels [26] . To correlate in vitro results with in vivo treatment regimens of currently licensed antibiotics or to evaluate a novel class of antibiotics or medications before their clinical application requires a suitable animal model of infection in which detrimental and beneficial antibiotics can be reliably tested.
We reevaluated the effects of several antibiotics on toxin expression in vitro. For one antibiotic, ciprofloxacin, the mechanism of enhancing Stx2 production via phage induction has been validated. We report the development of an animal model system to allow for the testing of potentially beneficial and deleterious antibiotics. On the basis of our in vitro results and the treatment regimens for children, we evaluated the efficacy of antibiotics (ciprofloxacin and azithromycin) against E. coli O157:H7 infection in our animal model.
METHODS
E. coli O157:H7 strains. Strain 933 (Stx1 and Stx2 producer) was originally isolated from ground beef [27] . Strains 933-1C (Stx1 producer) and 933-2 (Stx2 producer) are its isogenic derivatives. All 3 isogenic strains have been well characterized genetically and have been used extensively by us in the piglet model of EHEC infection [28] . Strain 86-24 (Stx2 producer) was isolated from an outbreak in Walla Walla, Washington [29] . Strains 94-9004, 92-9140, 95-8061, 94-8052, 92-9204, 97-8075, and 97-8023 are all clinical isolates obtained from A. MacKenzie (Child and Youth Clinical Trial Network, Ottawa, Canada). For animal inoculation, a single colony from strain 86-24 was picked and cultured overnight in Luria-Bertani (LB) medium at 37°C, and the bacterial number was determined on the basis of optical density. The inocula were washed once with PBS and adjusted to the appropriate concentration.
ELISAs for Stx1 or Stx2. Two ELISAs using paired antibodies (4D3/rabbit anti-Stx1 for Stx1 and 3D1/5C12 for Stx2) were established on the basis of the previous protocol with modifications to detect both toxins in in vitro cultures, gut contents, and serum [30 -33] . Purified Stx1 and Stx2, supplied by A. Kane (Tufts University Medical School, Boston, Massachusetts), were used to generate standard curves. The concentration of toxins in the samples was calculated with nonlinear regression using GraphPad Prism software (version 4) [34] .
ELISA sample preparation in vitro or in vivo. To measure toxins released in the culture supernatant or associated with the cells, 1 mL of each antibiotic-treated culture was centrifuged to pellet the bacteria and collect the supernatant, which was sterile filtered and frozen at Ϫ20°C. The bacterial pellet was washed once in PBS by centrifugation at 5000 g for 10 min, resuspended with 0.5 mL of bacterial protein extraction reagent from Pierce Biotechnology, and homogenized by vortexing vigorously. The cell lysate was then centrifuged to collect the supernatant containing the cell-associated toxin. This supernatant was called "cell lysate" to differentiate it from the original culture supernatant. To measure Stx2 in serum or gut contents, serum and fecal samples diluted with PBS were used.
Basal level of Stx1 and Stx2. The basal level of Stx1 and Stx2 produced by isogenic strains in LB medium was determined by growing inocula for 24 h. Toxins released in culture supernatants and cell lysates were measured using ELISAs specific for either Stx1 or Stx2. The concentrations were expressed as nanograms per milliliter of toxin. The related data were analyzed with Student's t test.
Antibiotics and MIC against E. coli O157:H7. The antibiotics selected, with the exception of gentamicin, have all been used to treat intestinal infections and are currently licensed in the United States. Cephalexin and fosfomycin were purchased from Sigma, ciprofloxacin was provided by Bayer Pharmaceuticals, azithromycin was purchased from Pfizer, and gentamicin was purchased from Gibco. Antibiotics were freshly prepared as stock solutions (10 mg/mL) in sterile distilled water and stored in aliquots at Ϫ20°C. Gentamicin was kept at room temperature, as recommended by the supplier.
The MIC for each antibiotic was determined using the broth dilution method, according to the recommendations of the National Committee for Clinical Laboratory Standards (1993) [35] . A single colony was initially grown in LB medium for 18 h at 37°C with aeration. Cells were adjusted to a final concentration of 1 ϫ 10 5 cfu/mL in tubes containing antibiotics 2-fold serially diluted in LB medium in concentrations ranging from 32 to 0.125 g/mL for cephalexin, fosfomycin, and azithromycin; 25 to 0.05 g/mL for gentamicin; and 0.5 to 0.0005 g/mL for ciprofloxacin. Cultures were then grown at 37°C with aeration for 18 h. The lowest dose of antibiotic that inhibited growth was defined as the MIC.
In vitro effects of antibiotics on toxin production. Samples were also obtained from cultures grown in subinhibitory concentrations of each antibiotic to determine cell concentration on the basis of optical density and to measure toxin levels by ELISA. Cultures not treated with antibiotics were grown as positive controls. The effects of antibiotics on Stx production in vitro were identified using 2-fold serial dilutions of the antibiotics in subinhibitory concentrations. The total toxin (cellassociated toxin plus toxin released in the supernatant) level was measured for each antibiotic dilution and compared with that in cultures with no antibiotic to determine the overall increase or decrease in toxin production. In addition, 2 antibiotics, ciprofloxacin and azithromycin, were tested for their effects on toxin production against various clinical isolates.
Construction of recA mutant strains and their response to ciprofloxacin. Isogenic recA mutants of strains 933-1C and 933-2 were derived by a protocol that has been described elsewhere [36] , using plasmid pIM15 as a suicide vector. Mutants were confirmed by polymerase chain reaction (PCR) analysis and phenotypically by a lack of growth on LB agar plates containing 800 ng/mL mitomycin C, a concentration that did not significantly affect the growth of the parental strains. Strains 933-1C and 933-2 along with their isogenic recA mutants were treated with a subinhibitory concentration of ciprofloxacin, and their total toxin levels were measured by ELISA.
In vivo experiments. All piglets were delivered and housed at the Division of Infectious Disease, Tufts University Cummings School of Veterinary Medicine, in accordance with the approved procedures of the Institutional Animal Care and Use Committee at Tufts University. Forty-six gnotobiotic piglets from 10 litters were used. On day 1, the animals were delivered by cesarean section and maintained in plastic sterile microbiological isolators in a 26°C room [28] . On day 2, piglets were challenged by oral administration of 1 ϫ 10 9 strain 86-24 bacteria. On day 3, piglets were either left untreated, treated with ciprofloxacin at the calculated dose per kilogram of body weight used in children (10 mg/kg, twice a day), or treated with azithromycin at the recommended pediatric dose (10 mg/kg on day 1 and 5 mg/kg for subsequent doses, once per day). Between days 3 and 14, piglets were observed for clinical signs, except for milk consumption, disposition, diarrhea, and hydration. Piglets were fed Similac (Abbott Laboratories) 3 times daily, for a total of 500 -700 mL/day. Piglets exhibiting neurological symptoms or Ͼ8% dehydration were euthanized, and tissues from intestines and brain were processed for histological evaluation. Gut contents were obtained for bacterial count and toxin assay. For bacterial counting, serially diluted fecal samples were plated on MacConkey agar and sorbitol MacConkey agar. The plates were cultured for 24 h at 37°C, and the bacterial number was averaged from both plates. All surviving piglets were euthanized.
Statistical analysis. Data were analyzed with the GraphPad Prism statistics and graphing program (GraphPad). Student's t test was used for 2-group comparisons. Log-rank and 2 tests were used to compare the survival curves for different treatments. Comparisons involving multiple groups were conducted using analysis of variance for significance followed by Dunnett's multiple-comparison test to determine intergroup statistical significance. In all cases, differences were considered significant at P Ͻ .05.
RESULTS
Basal level of Stx1 and Stx2 of strain 933 and its derivatives, 933-1C and 933-2. Stx1-producing strains (strain 933 and its isogenic derivative 933-1C) had the majority of the cellassociated toxin. The amount of Stx1 found in culture supernatants was very low (Ͻ1 ng/mL) and was near the limit of detection of the assay ( figure 1A ). Strains 933-1C and 933 had no significant difference in Stx1 production (P Ͼ .1). However, Stx2-producing strains (strain 933 and its isogenic derivative 933-2) showed Ͼ90% of the toxin released in culture supernatants, with no significant difference in Stx2 production between strains (P Ͼ .1). The total levels of Stx1 and Stx2 did not differ 
MICs for antibiotics. MICs were determined for 5 antibiotics-cephalexin, fosfomycin, ciprofloxacin, azithromycin, and gentamicin-using the 3 isogenic strains 933, 933-1C, and 933-2. The MIC values were 8 g/mL for cephalexin, 8 g/mL for fosfomycin, 0.03 g/mL for ciprofloxacin, 16 g/ mL for azithromycin, and 1.5 g/mL for gentamicin.
In vitro characterization of antibiotics against O157:H7. Supernatants and cell lysates from cultures grown in subinhibitory concentrations of each antibiotic were tested for Stx1 and Stx2 levels. Similar to findings in untreated control cultures, Stx1 was detected mostly in the cell lysates of 933 and 933-1C strains, whereas Stx2 was found mostly in the supernatants of 933 and 933-2 cultures (data not shown). The only exception was in cultures treated with 4 g/mL fosfomycin; Stx1 was found only in the supernatant instead of being cell associated, probably because of cell lysis observed at this concentration. At concentrations Ͻ4 g/mL fosfomycin, Stx1 was mainly cell associated. Stx2 release in cultures treated with fosfomycin had the same pattern as for cultures before and after exposure to the other antibiotics. With the exception of ciprofloxacin, which enhanced Stx1 production slightly, none of the tested antibiotics increased Stx1 production at subinhibitory concentrations. Ciprofloxacin increased Stx2 production from 10-to 250-fold and cephalexin and fosfomycin increased it slightly, but azithromycin and gentamicin had no effects on Stx2 production. Table 1 shows detailed results for all the antibiotics tested.
Another 8 clinical isolates were treated with ciprofloxacin and azithromycin at subinhibitory concentrations. Stx2 production was enhanced to various degrees by ciprofloxacin but not by azithromycin. In contrast, neither antibiotic had a significant effect on Stx1 production. Table 2 shows the effects of ciprofloxacin and azithromycin at subinhibitory concentrations on Stx1 or Stx2 production by the clinical isolates.
In vitro treatment of recA mutants. The recA mutants, treated with the phage-inducing agent mitomycin C, failed to produce any phage plaques, indicating a defect in phage induction due to the absence of recA. Table 3 shows the comparison between recA ϩ and recA Ϫ strains in terms of toxin production.
The recA status had a pronounced effect on the basal level of Stx2 but not Stx1. Treatment of cultures with subinhibitory concentrations of ciprofloxacin increased Stx2 levels only in recA ϩ cultures. No antibiotic-mediated toxin increases were seen in the recA Ϫ cultures.
In vivo studies. Azithromycin treatment significantly protected the infected piglets over both those left untreated and those treated with ciprofloxacin (P Ͻ .05, log-rank and 2 tests). There were no significant differences in survival between ciprofloxacin-treated piglets and the untreated group (P у .05). Piglet survival curves are shown in figure 2 , and the clinical manifestations are summarized in table 4.
Bacterial counts in the cecum of animals at necropsy revealed that both ciprofloxacin and azithromycin significantly lowered the number of organisms compared with those in untreated control animals (P Ͻ .05). Ciprofloxacin treatment had the most pronounced effect, yielding no viable organisms in the cecum or anywhere else in the intestines. Azithromycin treatment did not eliminate the organism from the intestinal tract but lowered the numbers of viable organisms compared with those in untreated control animals (table 4) .
In a group of 4 piglets that were treated with ciprofloxacin, fecal shedding of strain 86 -24 was monitored daily. Within 24 -48 h after the beginning of antibiotic treatment, bacteria were no longer detected in fecal samples. Despite the absence of viable organisms, the same piglets went on to manifest severe neurological symptoms and were euthanized. The toxin level in the cecum was also determined by ELISA. In the ciprofloxacin-treated group, animals that showed no viable organisms also had no measurable toxin. However, a few animals had measurable organisms, and the level of toxin in their gut content was many fold higher than that found in the untreated control animals. Azithromycin-treated animals had less cecal toxin than the untreated control animals (P Ͻ .05) (table 4).
Histological evaluation of the cerebellum and ileocecum/spiral colon was performed on the basis of our previous observations. Of 15 piglets infected with strain 8624 only, 13 had focal hemorrhagic cerebellar lesions (severe in 3), and no cerebellar lesions were found in 2. Of 16 infected piglets treated with ciprofloxacin, 14 had hemorrhagic cerebellar lesions (severe in 8), and 2 had no observable lesions. However, of 11 infected piglets treated with azithromycin, only 4 had mild hemorrhagic cerebellar lesions, and 7 had no observable lesions. Representative cerebellar lesions are shown in figure 3 . In infected piglets that did not receive antibiotic treatment, the surface mucosal epithelium was mildly eroded in some areas and was attached by large numbers of bacteria with small numbers of neutrophils in the subjacent lamina propria. Some piglets showed severe neutrophilic erosive colitis with crypt abscesses and large colonies of bacterial organisms along the enterocyte surface. A moderate quantity of neutrophilic cell debris was in the lumen. Attenuated crypt epithelium, submucosal edema, and small numbers of hemosiderin-laden macrophages in the mucosa were observed. Of 16 infected piglets treated with ciprofloxacin, 14 had hemorrhagic cerebellar lesions (severe in 8), and 2 had no observable lesions. Generally, no lesions were observed; there were mild lesions in only 1 ciprofloxacin-treated and 1 azithromycintreated piglet. In addition, in 4 piglets given either ciprofloxacin or azithromycin only, no lesions were observed in either the cerebellum or the large intestines (data not shown).
DISCUSSION
Treatment with antibiotics is the first line of defense for many intestinal infections. However, antibiotic treatment for STEC infections is in disfavor because of epidemiological evidence indicating that the incidence of HUS may, in fact, increase with antibiotic use. Increased toxin production due to antibiotic exposure may be the cause of this increased risk of HUS. In the present study, the effects of several antibiotics were analyzed first in vitro and then in vivo. Stx1 and Stx2 production in strain 933 and its isogenic toxin deletion derivatives was studied using subinhibitory levels of several antibiotics, including the protein synthesis inhibitors azithromycin and gentamicin, the cell wall inhibitors fosfomycin and cephalexin, and a DNA gyrase inhibitor, ciprofloxacin. Although no significant increases in toxin production were seen for most of the antibiotics tested, dramatic increases in Stx2 levels were observed for ciprofloxacin treatment. Antibiotics that inhibit protein synthesis appear to cause no increases in toxin levels.
Because another study [37] noted a wide variation in the response to antibiotics among strains, the effects of ciprofloxacin and azithromycin on toxin production were tested using several additional clinical strains. Our results repeated the previous findings: ciprofloxacin did induce Stx2 production to varying degrees but did not induce Stx1 production, and azithromycin had no effect on either. 
tests]).
Because we have shown previously that phage induction yields high levels of toxin [36] , we constructed isogenic strains that were deficient in phage induction to explore the mechanism by which ciprofloxacin treatment increases production of Stx2. Strain 933 derivatives were made recA Ϫ by suicide-vector mutagenesis. Mutants were confirmed genotypically by PCR and phenotypically by their sensitivity to the mutagen mitomycin C. When these strains were treated with ciprofloxacin, no increases in Stx2 levels were seen, indicating that phage induction was the mechanism by which ciprofloxacin increases toxin yields.
In vitro results are interesting and suggestive but do not necessarily reflect what might happen in vivo. In the in vitro studies, subinhibitory concentrations of antibiotics were used, and it is unclear how these levels reflect what happens in vivo with standard doses of antibiotics. We have shown previously that systemic complications manifested by neurological abnormalities can be observed in 30%-40% of newborn gnotobiotic piglets orally infected with strain 933, a producer of Stx1 and Stx2, and in 80%-90% of those infected with strain 86-24 or 933-2, both Stx2 producers [16] . In addition, Stx2-specific human monoclonal antibodies protect piglets from fatal systemic complications of Stx2 [33] . To test the effects of ciprofloxacin and azithromycin, gnotobiotic piglets were challenged orally 24 h after birth with strain 86-24 and then treated with antibiotics. As before, gnotobiotic piglets challenged orally with Stx2-producing EHEC strains showed systemic complications, manifested by watery diarrhea within 24-48 h and neurological abnormalities. In histological evaluation, these same animals also showed characteristic attaching and effacing lesions in the terminal ileum and colon. Neurological complications are caused by systemic delivery of toxin to the vasculature endothelium of the cerebellum, which results in occlusions.
To test the model, we chose one antibiotic, ciprofloxacin, that increased Stx2 yields dramatically in vitro and another, azithromycin, that had no significant effect on toxin production vitro. In the piglet experiments, ciprofloxacin treatment of piglets infected with strain 86-24 had no protective effect on the rate of systemic complications, although it was very effective in eliminating the organism from the gastrointestinal tract within 24 h after the start of treatment; correspondingly, it reduced the attaching and effacing lesions in the terminal ileum and spiral colon. However, despite the lack of shedding of the organisms, severe neurological symptoms developed 3-4 days after the start of antibiotic treatment, requiring the animals to be euthanized. In contrast, azithromycin treatment of infected piglets had a significant protective effect. Treatment reduced but did not eliminate the organism from the intestinal tract and consequently reduced the amount of toxin in the gut. Histological examination has further strengthened the clinical observations. Cerebellar tissue from ciprofloxacin-treated piglets exhibited a high number of petechial hemorrhagic lesions, in contrast to that from azithromycin-treated piglets. The present study confirms the potential risk that some antibiotic treatments for EHEC infections may have on the rate of systemic complications. Ciprofloxacin caused a significant increase in toxin production in vitro. In our in vivo piglet model, however, despite eliminating the organism from the intestinal tract, ciprofloxacin proved fatal. It is likely that enough toxin was produced during the initial exposure to ciprofloxacin to overwhelm the animals several days later. This study is also significant because its results indicate that specific antibiotics may be effective in treating the infection. For example, although in vitro experiments revealed no significant increases in toxin production with azithromycin, it was effective in preventing systemic complications in vivo. Our findings underscore the importance of using an appropriate in vivo model to evaluate treatment regimens. The gnotobiotic piglet will provide a useful animal model for testing additional antibiotics to determine their efficacy in lowering the rate of systemic complications in EHEC infections.
